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■ Abstract Tracking the movement of insects in their natural habitat is essential
for understanding their basic biology, demography, and ethology. A wide variety of
markers have been used to assess insect population dynamics, dispersal, territoriality,
feeding behavior, trophic-level interactions, and other ecological interactions. The ideal
marker should persist without inhibiting the insect’s “normal” biology. Furthermore,
the marker should be environmentally safe, cost–effective, and easy to use. In this
article, we review the current state of knowledge regarding insect marking, document
the advantages and limitations of each marking technique, and discuss advances made
in marking insects over the past decade.
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INTRODUCTION

A reliable method for marking animals is often a key component in studies of
animal biology, ethology, and demography. Animal marking dates back to 218
B.C., when ornithologists distinguished ownership of birds by banding (59). Insect
marking for scientific studies began around 1920, when researchers used paints,
dyes, and stains in studies of insect population dynamics (54, 67). Hundreds if not
thousands of studies that required some way to label insects have been conducted,
but the search for a universal marker has proven to be challenging. Owing to the
overwhelming amount of literature on insect marking, it is virtually impossible to
write an all-inclusive review. Instead, we provide readers with broad examples
of many of the insect-marking techniques that have been used, and we provide
an overview of the advantages, disadvantages, and limitations of each technique.
Finally, we highlight advances made in marking insects over the past decade.

CHARACTERISTICS OF EFFECTIVE MARKERS

A wide variety of materials and methods have been used to mark animals for
biological research. Vertebrate biologists often mark their test subjects with bands,
brands, tattoos, tags, notches, paints, and radiolabels (17, 202). Unfortunately,
most vertebrate-marking techniques are not practical for marking insects because
they are cumbersome, heavy, and/or costly (193). As a result, entomologists are
often challenged to develop unique methods for marking insects.

Investigators should not assume that any given marking procedure is applicable
for their research. In many of the studies described below, an ideal marker for one
insect species is a useless marker for other insects (205). Preliminary studies should
be done before conducting any investigation in which a marker is going to be used
to identify an insect, to ensure that it is retained on the insect for a sufficient period
of time and that the marker does not adversely affect the insect. An ideal marking
material is durable, inexpensive, nontoxic (to the insect and the environment),
easily applied, and clearly identifiable. Furthermore, the marker should not hinder
or irritate the insect or affect its normal behavior, growth, reproduction, or life span.

The method of choice for applying markers depends on the insect being marked,
the environment that the insect will encounter, and the nature of the experiment.
Insects can be marked individually or in large groups. Individual marks, usually in
the form of a painted label or a physical tag, permit the identification of a specific
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individual in a population. Mass marking, usually in the form of an application of
dust, paint, or dye, permits the identification of a group of insects within a larger
population. In addition to individual-marking and group-marking techniques, self-
marking techniques have been developed in which insects mark themselves by
contacting marking materials that are natural to their environment (e.g. pollen) or
materials that have been strategically placed in their environment by researchers
(e.g. bait formulations or substances at the entrances of nests or hives).

TYPES OF STUDIES THAT REQUIRE A MARKER

The selection of a specific marker depends on the type of study that the researcher is
planning. We describe marking procedures for two broad categories of research—
mark-release-recapture (MRR) and mark-capture (177).

Mark-Release-Recapture

For studies using MRR techniques, the researcher collects insects either from lab-
oratory colonies or from the field. The collected insects are then marked, released
into the field, and recaptured at given time and distance intervals after their re-
lease. The recaptured insects are then checked for the presence of the marker to
distinguish them from unmarked insects. All of the marking materials described
below can be used for MRR studies; however, some of the marking techniques are
more practical than others. MRR studies are particularly useful for mass marking
known populations of insects for dispersal studies.

Mark-Capture

For studies using mark-capture techniques, the researcher applies the marker to
the insects directly in the field (177). Many of the marking procedures described
below are obviously not practical for mark-capture studies (e.g. tags or mutilation).
The most useful markers for mark-capture studies are those materials that are
inexpensive and can be easily applied via broadcast application to the insects’
natural habitat or those materials that can be added to insect bait.

MATERIALS AND TECHNIQUES USED TO
MARK INSECTS

Tags and Related Markers

Biologists have used a wide variety of techniques to externally affix tags, labels,
and bands for marking individual animals. Tags are frequently used to mark indi-
vidual mammals, reptiles, amphibians, fish, and birds for conservation, dispersal,
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and population ecology studies (4, 17, 60). In some situations, tags are useful for
marking insects. However, most tags are too large and heavy for use on insects.

Early researchers glued numbered pieces of paper or cellophane on insects.
Small plastic tags made from photographic film have been used to mark screw-
worms [Cochliomyia hominivorax(181)]. These tags were made by photograph-
ically reducing a series of two-alphanumeric codes, printed in a continuous,
nonrepeating series, onto the film.

Honeybees (Apis mellifera) are frequently marked with tags. Sequentially num-
bered bee tags are commercially available in a variety of colors that can simply be
glued onto the thorax of bees. Ferrous-metal numbered tags have been attached to
bees in the field. As the bees return to their hive, they are recaptured with magnets
strategically placed at the hive entrance (65). This metal-tagging procedure was
useful for examining the flight range and foraging activity of individual honeybees.

Individual members of an ant colony have been tagged by using an elaborate
wire-banding system. Wire bands either 30- or 60-µm in diameter were tied to
various body regions of ants (e.g. petiole joint, second petiole joint, gaster, etc),
using several different types of knots and knot orientations. Hundreds of ants
could be tagged individually based on the various combinations of wire diameter,
placement, and knot (174).

The major advantages to using tags to mark insects are that they are inexpensive
and they can be used to identify insects on an individual basis for MRR studies.
Tags are most useful for long-term studies in which enamel paints would not be
retained. The size, shape, and placement of tags must not restrict the insect’s
movement or interfere with behavior (64, 193).

A major disadvantage of using tags to mark insects is that the application of
individual tags is tedious and time-consuming. These drawbacks make tagging
procedures impractical for mass marking insects. Moreover, the physical nature
of tags limits their application to relatively large insect species.

Mutilation Marking

Mutilation marking has been used to mark animals for over a century (203).
Mutilation involves clipping, punching, notching, or etching a distinctive mark
on an animal so that it can be distinguished easily from its counterparts. These
techniques are usually reserved for marking large animals such as fish, amphibians,
reptiles, cattle, and birds (17, 203). Mutilation is rarely used for marking insects,
and, for the most part, it is useful only for marking large or heavily sclerotized
insects, such as beetles, or insects with large wings, such as butterflies, dragonflies,
and grasshoppers (21, 64, 215).

Lepidopterans are sometimes tagged by clipping the wings of adults (175) or
the prolegs of larvae (224). For example, gypsy moth (Lymantria dispar) larvae
were marked by removing different prolegs or numbers of prolegs to study their
movement, survival, and population dynamics (224). A “notching” technique was
used to mark many different orthopteran species (64). The technique consisted
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of combining the amputation of the tegmina with notching various portions of
the fore, hind, and lateral margins of the pronotum. Various arrangements of the
notches, in combination with full or partial amputation of the tegmina, yielded a
large number of distinctive marks. This notching technique was not harmful to the
insects and was persistent through the later life stages of the insect, as the molting
insects retained their distinctive marks.

Distinctive marks have also been etched or punctured onto the elytra of adult
beetles using insect pins (21, 215). Some beetles produce a melanized dark spot
when they are punctured (Figure 1). This characteristic allows for the marking of
beetles by simply puncturing the elytra with the tip of a pin. Studies have shown
that puncturing and etching do not produce any noticeable side effects on beetle
life span and require less handling time and manipulation than tagging procedures
described above (31, 91).

The mutilation technique used must not adversely affect the insect’s normal
behavior or dispersal ability. Mutilation techniques also require extensive handling
of individual insects, which can make the procedure tedious, time-consuming,
and harmful to the insect. For some species, such as large beetles, the mark can
be applied by simply holding the insect between the fingers and puncturing or
etching the mark on an insect with a minuten pin (193, 215). However, in most
cases, the insect must be anaesthetized with CO2, chilled, or held down with
some sort of device relying on vacuum suction or an adhesive. Most authors us-
ing mutilation marks have not reported any adverse affects on their test insects
(64, 215).

The major advantages of marking by mutilation are that the marks are usually
persistent and that they can be readily and accurately recognized in the field without
the aid of any specialized equipment. The major limitation of mutilation is that it
can be tedious and time-consuming if a large number of insects require individual
marks. Furthermore, mutilation is applicable to only a small number of insect
species.

Paint and Ink Marking

Paints and inks were among the first materials used to mark insects, and they are
still among the most commonly used materials for marking individual and groups
of insects (193, 229).

Marking Individual Insects with Paints and Inks Paints and inks are applied
to individual insects with toothpicks, insect pins, fine-tipped pens, or fine-haired
brushes (193). Recently, red imported fire ants [Solenopsis invicta(=wagneri)],
were marked with ballpoint paint pens (230).

Paints and inks have been applied to individual insects with various degrees of
success. Wineriter & Walker (229) tested 26 paints and inks on two cricket and one
beetle species and found that non-water-soluble paints had the greatest durability
on their surfaces. An ideal paint or ink marker should be durable, nontoxic, easy
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to apply, quick drying, lightweight, available in several highly visible colors, and
resistant to peeling or chipping (144, 222).

Individual insects were marked with paint or ink using simple numbering sys-
tems (64, 93, 143, 185, 193) or elaborate coding systems (25, 158, 178, 225). For
example, late-instar larvae of the nymphalidEuphydryas(=Occidryas) editha
bayensiswere marked by strategically placing three dots of paint on each side of
the larvae. White & Singer (226) assigned numeric codes to each larval segment,
enabling each larva to be coded with any 1 of 50 different combinations. Similarly,
Humphry & Linit (113) used a six-dot binary-coding system to uniquely mark 63
individual beetles.

The major advantages of using paint or ink to mark individual insects are
that these techniques are inexpensive and the specimens can be nondestructively
sampled and resampled over the course of a long-term study (143). Several authors
report that individual markers are durable and easy to apply (93, 113, 144, 158).

The major disadvantages of using paints and inks for marking individual insects
are that the application of the marker is often tedious and time-consuming (229).
Also, the marker or the solvent is often toxic to insects (see references in 193), and
the marker is usually restricted to a single life stage because immature insects lose
the mark when they molt. Moreover, paints and inks are usually used only on large
insects because of the logistical difficulties of applying a mark to small insects.

Marking Groups of Insects with Paints and Inks A variety of paints and inks
can be applied topically to large batches of insects for MRR studies using various
spraying devices including hand atomizers and spray guns (50, 170, 231). Mass
marking insects with paints or inks is easy, rapid, and inexpensive. Moreover, the
marker is usually recognizable on recaptured insects without microscopic exam-
ination. Most paints are too thick and sticky to be sprayed directly on insects.
Paints are often diluted with acetone or alcohol before application. Researchers
must be sure the paint and solvent are nontoxic and do not alter insect behavior.
Topical sprays may be destructive to small and delicate insects; therefore, these
are usually reserved for large, sturdy insects.

Dust Marking

Dusts (also known as “powders”) have been used to mark insects for>75 years
(48). To date, they are probably the most commonly used materials for externally
marking a variety of insects (185). Various kinds of dusts have been used to label
insects (169, 185, 193, 199, 208). An invisible green fluorescent dust used in crime
detection was among the first dusts used to mark insects (169, 208). This dust is
invisible under normal light, but it is easily detected under UV light. The most
common commercial dust used to mark insects is Day-Glo (Day-Glo Color Corp.,
Cleveland, OH), an affordable fluorescent dust that is available in a wide variety
of bright colors. Day-Glo is visible to the naked eye; however, the detection of
Day-Glo on insects can be enhanced under UV light (18, 199).

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

November 17, 2000 17:39 Annual Reviews AR119-17

METHODS FOR MARKING INSECTS 517

Dusts are most useful for marking large insects or insects with hairy surfaces.
Sometimes adjuvants, such as flour, sand, or gum arabic, are mixed with dusts
to provide better adhesion of the dust particles (18, 27, 154, 176, 191). Dusts are
usually applied to sturdy insects by putting them in a container with a given
amount of dust and shaking the container. Often the container is as simple as a
paper or plastic bag (153, 199). Tumbling devices have been used to mark adult
boll weevils and fruit fly pupae (183, 208), but most shaking and tumbling proce-
dures are not practical for dusting small and delicate insect species because they
cause immediate high mortality and place too much dust on the insect (147). Too
much dust causes undesirable side effects such as further mortality, decreased
mobility, and interference with sensory organs (40). As a result, many innova-
tive devices are available for applying minute quantities of dusts to insects (186).
Mosquitoes may be marked with dusts by “puffing” them, using an insufflator
(185), or by creating a dust storm in an enclosed cage with a vacuum duster
(55).

Schroeder & Mitchell (183) used dusts to mass-mark millions of sterilized
tephritid fruit flies. Fruit fly pupae were “tumbled” with dust just prior to adult
emergence. The dust was contacted by the expanded ptilinum at emergence and
retained in the face of the adult fly. Most of the dust adhering to the body of an
emerging fly is quickly groomed off, but the dust enclosed in the ptilinum remains
(Figure 2). The dust particles enclosed in the ptilinum are often not visible to the
naked eye. In such cases, most marked flies are detected with a UV light. Faintly
dyed flies can be detected by dissecting or crushing the head with a blunt object
onto filter paper and observing it under UV light and a dissecting microscope
(56).

Self-marking techniques were developed for mark-capture studies in which
dusts were placed strategically near insect nest and hive entrances (52, 151), insect
floral-visitation sites (151, 185), insect bait stations, and insect traps (68, 92, 106).
For example, honeybees have been directly marked in the field after they walked
over fluorescent dust placed at their hive entrance (151). Price & Slosser (173)
placed fluorescent dust in pheromone-baited traps modified to allow for the escape
of trapped boll weevils exposed to the dust. Adult bark beetles (Dendroctonus
frontalis and Ips grandicollis) were self-marked as they emerged from logs that
were treated with dust (40). Insect self-marking techniques that use dusts are
advantageous because they eliminate the damage associated with handling under
artificial conditions.

Dusts are most frequently used for marking insects for conventional MRR
studies. Field-collected or laboratory-reared insects are dusted in mass and released
into the field for dispersal studies (183, 199). However, dusts have also been used
to mark insects for mark-capture studies by direct application in the field (30, 171).

Dusts are excellent markers for most insects because they are inexpensive,
readily available, environmentally safe, and easily applied and detected. Moreover,
different colors of dusts can be used to mark different cohorts of individuals. This
characteristic is advantageous when different groups of insects have to be marked
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for investigations of intercrop dispersal, colonization rates, and habitat selection
(23, 106, 199).

Dusts are often detectable by direct visual inspection (186); however, sometimes
a microscope can be helpful for detecting minute quantities of dust on insects. The
detection of fluorescent dusts can also be significantly increased under UV light
(56, 153, 198, 199, 208, 216).

There are a few drawbacks to using dusts to mark insects. If too much dust
is applied, it can kill the insect or produce adverse behavioral effects. Therefore,
preliminary tests are needed to find the optimal amount of dust to mark the insects
without causing adverse effects. Dusts were reported to inhibit normal dispersal
behavior (35) and decrease insect longevity (146, 176, 187). Often dusts are not
persistent enough for long-term studies. Another potential drawback to using dusts
is that the dust particles can be transferred to unmarked insects in the field or in
traps and sweep nets used for sampling (149).

Dye Marking

Various dyes have been used to internally mark insects. Most of the progress toward
marking insects with dyes was made in the 1960s and 1970s with the concurrent
development of sterile insect release (SIR) and area-wide pest management pro-
grams (66, 100, 184, 196). A key to the success of these programs was having an
inexpensive and reliable mark that could be easily applied and detected on millions
of laboratory-reared insects.

Researchers found that certain oil-soluble dyes accumulate in insect body fluids
or tissues after insects have eaten them. Gast & Landin (66) examined the feasibility
of marking the adult stage ofAnthonomus grandisby adding 60 oil-soluble dyes
to their larval diet. Only Calco red N-1700 produced a highly visible and long-
lasting color that did not yield any adverse side effects on boll weevil growth
and development (66, 131). Calco red N-1700 accumulated in the fat body of
the larvae, pupae, and newly emerged adults and was clearly visible through the
integument. Moreover, the dye was transferred to the eggs deposited by marked
females. Larvae hatching from the dyed eggs were also marked, but, after the first
instar, the color was too faint to be distinguished.

Many lepidopteran pests were marked with various dyes by adding dye directly
into larval diets (70, 101). Dozens of dyes were tested for marking the adult stage
of Heliothis virescensby adding these dyes to their artificial diet (101). Calco red
N-1700 was retained in the integument, fat body, and ovaries of the adult moths.
The eggs laid by marked females were also marked, but the larvae that emerged
from these eggs were unmarked. Other oil-soluble dyes such as deep-black BB,
oil-soluble blue II, and rhodamine B were successfully added to larval diets for
marking adult moths (100, 102, 216).

Dyes added to the artificial diets of sterilized adult fruit flies have also proven
to be useful markers. Sudan deep-black BB turns the hemolymph of the melon
fly, Dacus (=Bactrocera) cucurbitae, black without affecting its growth and
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development (184). However, Sudan deep-black BB is not a suitable marker for
closely related Mediterranean (Ceratitis capitata) and oriental (Bactrocera dor-
salis) fruit flies (183). Instead, calco blue and tinopal were used for marking various
fruit fly species (183). However, the detection of each dye is different. For de-
tecting Sudan deep-black BB in a fruit fly, the fly must be dipped in acetone and
crushed on filter paper. Conversely, for detecting calco blue, it is critical that the fly
is not dipped in a solvent before crushing. For some dyes, such as the fluorescent
dye tinopal, the crushed fly must be examined under UV light (183).

Internal dyes are used in MRR studies to investigate various aspects of termite
ecology (75, 127, 206). Typically, field-collected termites are placed on filter paper
or paper toweling that has been stained with an oil-soluble dye. After a few days
of feeding on the stained paper, the termites become internally marked. Marked
individuals can then be released and recaptured for studies of termite dispersal,
nestmate behavior, and territoriality between nests (110, 119, 207).

Some termite studies require several different colored dyes that are retained
in termites for a long time, whereas others require dyes with a short retention
interval. Neutral red and Nile blue A have proven useful for long-term studies
(11 and 15 weeks, respectively) for certain termite species, but not for others
(75, 157, 205, 206). Dyes with short retention intervals do not confound studies
in which previously marked specimens have been released. For example, Sudan
red 7B was chosen to markHeterotermes aureusfor studies of territorial bound-
aries and antagonistic behavior between colonies because it is retained in these
termites for only 11 days after marking (119). The short retention interval for this
dye was ideal because releases of marked termites were at least 1 month apart,
which was sufficient time for the dye to fade from previously released individuals.

A critical factor when selecting a dye for certain types of termite studies is to
ensure that the internal dye does not laterally transfer to nestmates via their social
interactions (e.g. trophallaxis). The lateral transfer of a dye from a marked to an
unmarked nestmate leads to erroneous estimations of dispersal and population
sizes of termite colonies (69, 75).

Internal dyes are typically not effective markers for small parasitoids. However,
adults of some wasp species were marked successfully with acridine orange added
to their honey diets in laboratory studies. The dye was retained throughout the adult
life stage in many but not all of the species examined. Species that retained the dye
also transferred it to the egg stage (204). Further testing is needed to determine
the feasibility of using acridine orange as a marker for small parasitoids.

Insects can occasionally be self-marked directly in the field by adding a dye to
their bait. For example, the efficacy of various cottonseed oil bait formulations
used for boll weevil control was tested by adding calco red to their bait (134). This
self-marking technique was useful for determining the proportion of field- collected
weevils that were attracted to and fed on the various bait formulations. Several
different colored dyes were added to peanut butter baits to study the territorial
behavior of the black imported fire antSolenopis richteri(228). The ants at each
mound were offered different colored bait. Ants were collected, poured onto a
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sheet of white paper, and crushed with a hand roller. The paper was then examined
under a fluorescent lamp for the presence of the various colored dyes.

Marking insects by incorporating a dye into their diet has many advantages
over other marking procedures. First, most oil-soluble dyes are inexpensive and
require minimal additional labor for marking because the dyes are usually mixed
in oil (e.g. cottonseed oil, corn oil, etc) and then added directly to the diet. Second,
incorporating a dye into an insect diet is a self-marking procedure that avoids extra-
neous handling of insects. Finally, many dyes can be rapidly and nondestructively
detected visually in recaptured insects (70). However, some dyes are not visible
by direct inspection; therefore, insects must be crushed on filter paper (41, 189) or
ground in solvent (e.g. acetone), followed by visual or spectroscopic inspection (6).

Only a few of the dozens of dyes examined as potential insect markers have
proven to be effective. Most dyes have too short a retention interval or are harmful
to insects (66, 152, 159, 205, 227).

Pollen Marking

Pollen can be used as a self-marking material for mark-capture studies of insect
migration, host plant visitation, and host plant feeding (19, 53, 94). Pollen is an
outstanding natural marking material for three reasons. First, plants that depend
on insects for pollination have evolved to produce pollen that naturally adheres to
insect surfaces. Second, the rigid exterior of pollen is composed of one of nature’s
most enduring protein materials (pollenium). Third, pollen grains are distinctive
and can often be identified to genus (118, 120). Furthermore, the distribution and
flowering periods of most plants are well known, which helps to establish the
origin of captured insects (103).

Nectar- and pollen-feeding insects have often been examined for the presence of
specific pollen types. Mikkola (148) suggested that pollen attached to an insect’s
surface could be used to provide circumstantial evidence of migratory patterns.
However, to be an effective marker, the pollen source must be geographically
remote from the areas in which pollen-bearing migrants are caught. In a study
conducted in Arkansas, 68% of theHelicoverpa zeamoths collected in phero-
mone traps possessed pollen from false mesquite (Calliandraspp.) or ape’s earring
(Pithecellobiumspp.) (103). The closest location of these plants to the trapping
sites was in Texas, which suggests that these moths must have migrated≥750 km.
Subsequently, the identification of remote pollen types has proved to be a useful
technique for also identifying the migration patterns of many other Lepidoptera
pests (94, 103, 104, 132, 133).

Pollen identification has been used to gauge the breadth of an insect’s diet. For
example, gut dissections of boll weevils contained pollen grains of over a dozen
plant families (19, 32), indicating that boll weevils have a much wider host range
than previously believed.

Pollen identification is achieved with the aid of various methods of light mi-
croscopy and scanning electron microscopy (SEM) (28, 53, 118, 214). Light
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microscopy, although sometimes effective, requires extensive sample prepara-
tion [e.g. sonication, acetolysis, and staining (28, 118)], which is often tedious
and destructive to pollen integrity and produces confusing contaminants such as
insect lipids and chitinous materials. In contrast, SEM permits direct viewing of
the attached pollen grains with more detail, higher resolution, and better depth of
field than light microscopy (28, 214). However, SEM is more costly and time-
consuming than light microscopy (45, 214).

Mark-capture studies that use pollen as a natural marker have many advantages
over conventional MRR techniques. Studies of long-range migration using MRR
techniques (e.g. dyes, dusts, genetic markers, etc) are usually impractical because
marking insects may be difficult, and recapture rates are usually unacceptably
low despite daily releases of hundreds of thousands of insects (103). Moreover,
laboratory-reared insects may have behavioral or physiological characteristics that
affect their dispersal ability. Finally, studies in which insects are self-marked
with pollen eliminate the need for handling the insects to apply other types of
markers.

Despite the advantages of using pollen as a natural biological marker for mark-
capture studies, this approach has received limited attention in the study of migra-
tory and feeding activities of insects (45, 125, 148). Several factors limit its use
for wide-scale application. As mentioned above, an effective pollen marker must
be geographically remote from the areas in which the pollen-bearing insects are
caught. Additionally, pollen analysis is costly, time-consuming, tedious, and re-
quires expertise in pollen taxonomy (118). Furthermore, the practicality of using
pollen as a biological marker can be influenced by the time of the year in which
the study is conducted (104, 132).

Genetic Marking

Visible Genetic Markers Visible genetic mutations of laboratory-reared insects
have been used to identify insects for MRR studies (11, 15, 57, 182). Visible mu-
tations, which sometimes occur naturally in laboratory cultures, can be found by
careful observation. In some instances, mutations are induced by exposing insects
to ionizing radiation or mutagenic chemicals (11).

Body and eye colors are the most common and conspicuous visible mark-
ers (Figure 3), but more subtle mutations also occur. For example, some genetic
mutations include the presence or absence of spots, bands, body parts, hairs,
and spines on insects (11). Mosquito dispersal was studied using various visible
genetic markers (see 185). Some of the visible mutant traits used for identify-
ing laboratory-reared mosquitoes includespottedabdomens,silver mesonotums,
bronzedtarsi, andblack palp (24, 57, 95). Anebonybody color mutation was
discovered inA. grandis(9). This codominant phenotype, which persisted over
nine generations in the laboratory and in field cages, was useful for studying
boll weevil dispersal and mating behavior (16). In an MRR study,ebonywee-
vils were collected up to 2 miles from their release site. Likewise, a dominant
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mutation,sooty, in Pectinophora gossypiella, was able to compete with the feral
population and persisted over a full cotton-growing season (14).

Inheritance of genetic markers may be dominant, codominant, recessive, poly-
genic (controlled by more than one locus), or sex linked. Dominant mutations
require only one allele (i.e. are heterozygous) for the phenotype to be present,
so the F1 progeny resulting from matings between the released mutants and feral
insects also possess the mark. Therefore, these mutations are useful for multi-
generational studies. Codominant mutations, considered by some to be the most
useful markers (11), show one phenotype when heterozygous and a different phe-
notype when homozygous. For example, a heterozygous mutation that produced a
blackbody inTrichoplusia niwas used as a marker for studies of their population
dynamics (13). However, this mutation was lethal in its homozygous form. Reces-
sive mutations, which are exposed only in homozygotes, are useful for studies of a
single generation because the mutation disappears in the F1 progeny after mating
with feral individuals. Sex-linked mutations are commonly used for genetic sex-
ing (121, 142, 180) or for sex-linked lethal mutations (12 and references therein).
An overview of genetic mutations, including systematic procedures for recovering
mutations, is provided by Bartlett (11).

Visible genetic mutations are effective insect markers once a mutation is found
or induced because there is little additional cost beyond the maintenance of the
laboratory culture. Furthermore, the detection of the marker is by nondestructive
visual observation either with the naked eye or with the assistance of a dissecting
microscope. Moreover, very little training is required for observers to recognize
the marked insects, and in most instances, marked insects can be recognized in
the field. A major advantage of visible genetic markers is that they are part of the
insects’ physical makeup and persist throughout their life spans.

Although visible mutations have been found or induced in insects (15, 123, 179,
182), relatively few have been used as markers in actual field situations, because
there are many drawbacks to using visible genetic markers for MRR studies.
First, the markers are rare and usually associated only with insects that have been
reared for many continuous generations in the laboratory. Second, the fitness of
laboratory-reared mutants must be carefully examined to ensure that the mutation
does not have any deleterious effects on their physiology or behavior. Third, insect
mutations induced by radiation or mutagenic chemicals may include other non-
visible but detrimental mutations. Some of the deleterious effects may be difficult
to determine and may require several generations of inbreeding to eliminate (11).
Fourth, the type of inheritance of the mutant genotype must be determined and
considered in relation to the goals of the experiment. Finally, genetically marked
mutants are not practical for mark-capture studies because they must be reared in
the laboratory.

Biochemical Genetic Markers Genetic variation between insect races and bio-
types occurs naturally within insect species as a result of geographical isolation
or host plant use (43). These genetic variations may be useful insect markers. For
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example, insect-specific enzymes can identify distinct insect populations. These
enzyme “fingerprints” are invisible to the naked eye, so their banding patterns
must be detected by various techniques, including polyacrylamide and starch gel
electrophoresis. Several authors have reviewed these techniques and the uses of
isozymes in studies of population dynamics in insects (10, 112, 163, 197, 202).

Biochemical genetic markers are useful in MRR studies because they do not
change the appearance of the insects while providing a measure of both physical
dispersal and gene flow (163). Uses for biochemical markers include studying in-
sect dispersal, mating, immigrant origin, population relationships, and insecticide
resistance (111, 141, 221).

The major drawback of biochemical genetic markers is that the electrophoretic
detection of insect-specific enzymes requires extensive preparation before field
studies (163, 202). The fact that there is variation within insect populations re-
quires a great deal of laboratory experimentation to find unique enzyme-banding
patterns between populations (15). Once a specific marker enzyme(s) is discov-
ered, the analysis of insect samples is costly, time-consuming, tedious, and poten-
tially subjective. Furthermore, the analysis of insects for specific enzyme patterns
by electrophoresis is destructive and impractical for direct field examination.

Radioactive-Isotope Marking

Labeling insects with radioactive isotopes was a popular insect-marking method
from the 1950s to the 1970s. However, stricter environmental protection laws cou-
pled with the development of simpler, less expensive, and more reliable methods
have reduced the usefulness of these isotopes as insect markers. For these rea-
sons we refer our readers to the outstanding review of radioactive-isotope marking
provided by Service (185).

Elemental Marking

Rare- or trace-element-marking techniques were developed in the 1970s as an
alternative to marking insects with radioactive isotopes (20, 200). The use of trace
elements to mark insects was reviewed by Akey et al (3). Elements were used
successfully to mark at least 8 orders and 30 families of insects, ticks, and spiders.
Some of the trace elements used for marking insects include the elements rubidium
(Rb), strontium, cesium, manganese, hafnium, and iridium and the lanthanide
elements lanthanium, samarium, europium, dysprosium, and cerium. Of these, Rb
in its chloride form (RbCl) is the most frequently used trace element marker for
insects.

Wide varieties of techniques have been used to mark insects with trace elements.
An easy and effective method to externally mark insects for MRR studies is to dip
the pupae (87) or topically spray the adults in confined laboratory areas (124).
The technique used most commonly for elemental marking of laboratory-reared
or field-captured insects is to mark them internally by feeding them artificial di-
ets containing a trace element (2, 7, 38, 96, 98, 109, 117, 126, 165, 220). Mosquito
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larvae were marked by adding RbCl to the water in which they were reared (192),
and tsetse flies were labeled by adding europium and dysprosium to their blood
meal (47, 87).

Many self-marking techniques have been developed for labeling insects with
trace elements. Imported fire ants,S. invicta, were marked after feeding on baits
containing a trace element (190). Artificial nectars containing Rb, strategically
placed near a light source in the field, were useful for self-marking adult bollworms
(46). Sand and silicone gel pupation media containing dysprosium or samarium
were successfully used to label emerging adults ofRhagoletissp. in the laboratory
(86). Arthropods, including mosquitoes, biting midges, and ticks, were marked
after feeding on hosts injected with a trace element (5, 29, 107, 122). The trace
element was incorporated into the host’s bloodstream and then accumulated in the
arthropod as it fed on its host. The use of two different elements was useful for
determining whether mosquitoes take multiple blood meals (5).

For mark-capture studies, phytophagous insects were marked with various
trace elements, including Rb, cesium, and strontium by feeding on marked host
plants. In the method developed by Berry et al (20), foliage was sprayed with
an aqueous solution containing the trace elements. In turn, herbivores that fed
on marked plants accumulated detectable quantities of the trace elements. This is
still the easiest and most commonly used method to mark host plants in the field
(3, 7, 42, 58, 74, 165, 168, 194, 210).

Growing host plants in a hydroponic nutrient solution containing a trace element
(63) or irrigating plants with a solution containing a trace element (58, 74, 194) are
methods unique to marking with trace elements. The elements Rb, cesium, and
strontium are absorbed and translocated in plants (129). Marking of plants by the
translocation of these trace elements sprayed on the foliage or supplied in nutrient
or irrigation solution is useful for marking both chewing and piercing-sucking
herbivores.

Many other innovative techniques have been developed for marking insect host
plants. Corn seedlings have been marked by dipping seeds in a solution containing
water or milk, Elmer’s glue (Elmer’s Products, Inc., Columbus, OH), and RbCl, or
by planting seeds on paraffin cubes containing RbCl (36, 128). Trees have been la-
beled by pressure-injecting a solution of RbCl directly into the trunk (26, 145, 164)
or by using a passive-stem-well infusion technique (212).

The practicality of marking insects with trace elements is dependent on a vari-
ety of factors. (a) Trace elements are distributed in small quantities in the Earth’s
crust. Consequently, their natural levels may vary by geographical location and
affect the background levels in plants and insects (20). In some regions where the
indigenous level of a given trace element is high, it is difficult to mark insects with
enough trace element to separate them from native insects (1, 97). (b) The uptake
of elements varies among species of plants and insects (62, 165, 217). Therefore,
it is crucial that the natural background levels of trace elements be determined for
plants and insects of interest at the study site before initiating studies using ele-
mental markers. (c) Large insects contain more of the marker than small insects,
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adding to the variability between specimens (61). However, many small insects
were successfully marked with trace elements, including aphids (74), leafhoppers
(162), mosquitoes (5, 108, 122, 192), and whiteflies (44). (d ) The concentration
of the element applied to an insect has a direct linear relationship with the amount
of the element retained by the insect (20). It is important to apply the highest
concentration possible that does not adversely affect the insect’s physiology or
behavior but that consistently provides a mark that exceeds the amount in un-
marked insects (3). (e) The technique used to apply a trace element to an insect
can determine the intensity and duration of the mark (65, 97). (f ) The amount
of trace element retained by an insect can decline over time owing to physiolog-
ical and behavioral factors such as feeding, excretion, mating, and oviposition
(62).

Marking with trace elements has many advantages over other insect-marking
procedures. Elemental markers are not radioactive, so they are safe for workers
and for the environment. There are no tags, paints, dyes, dusts, or visible marks
left on insects marked with an element to alter their behavior or interactions with
other insects.

Trace elements are retained well during nonfeeding, overwintering stages of
insect lives. For example, pink bollworm pupae labeled with Rb were still labeled
when the moths emerged in the spring of the following year (219), and boll weevils
that had been fed on labeled plants in the fall were still labeled the next spring (232).
Emerging parasitoids that overwintered in marked eggs of the prune leafhopper
Edwardsiana prunicolacontained detectable levels of RbCl in their system the
following summer (42).

Trace elements are useful for multistage, multigenerational, and multitrophic
marking (96). Some immature insects marked with a trace element retain the
element throughout their subsequent life stages. Labeled adults of some insect
species deposit marked eggs, but the mark rapidly declines from larvae that hatch
from labeled eggs (96, 126).

Trace elements are useful for marking some insects for mating studies. For
example, pink bollworm, tobacco budworm, and beet armyworm males marked
by feeding on a diet containing RbCl transferred the mark via their spermatophores
to unmarked females during mating (71, 96, 218).

Trace elements are among the few markers that are useful for marking small
parasitoids. Parasitoids that develop in marked hosts are often labeled with trace el-
ements upon emergence from their hosts (42, 58, 115, 212). For example,Anaphes
iole was successfully marked with Rb when reared from eggs ofLygus hesperus
adults fed on a diet containing RbCl (114). In a similar experiment,Microplitis
croceipeswas marked by rearing it inH. virescenslarvae that fed on an artificial
diet containing one or more of four trace elements (109).

In addition to the transfer of trace elements from hosts to parasitoids, it has
been demonstrated that trace elements can transfer from prey to predators (72).
For example, adultCarabus nemoralisaccumulated detectable levels of Rb after
feeding on marked gypsy moth larvae (117).
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A limitation to the wide-scale use of trace elements as insect markers in large
fields is that the detection of elements can be difficult, expensive, and time-
consuming. Analysis of trace elements requires technical expertise and expensive
detection equipment (2). Moreover, the lanthanoid series elements are expensive
and require the availability of a neutron source to activate the samples.

Some trace elements are not retained very well in certain insect species. It
was shown that Rb retention declines rapidly after removal of insects from the
Rb-enriched diet or host, especially in the actively feeding stages of insects. For
example, Rb could be detected for only 2–6 days after marking aphids (74) and
adultLygus lineolaris(62).

High concentrations of trace elements can adversely affect development, sur-
vival, and fecundity of certain insects (220). For example,A. iole that developed
in eggs ofL. hesperusreared on a diet containing 1000 ppm of RbCl had a shorter
life span and lower fecundity than those reared on 500 ppm of RbCl (114). In-
creased mortality was seen in Rb-markedH. zea(46), whereas increased larval
developmental times were shown inT. ni(201) andPlatynota idaeusalis(126) with
increasing levels of RbCl. Other adverse effects include increased adult deformity
and reduced pupation, eclosion, and egg production (96, 126, 201).

Nitrogen-15 Marking Nitrogen-15 (15N) is a trace element that is absorbed and
translocated in plants in the same manner as common nitrogen (14N). 15N is a
possible alternative to conventional elemental marking (105, 160, 209).15N was
used to mark host plants by adding it to a fertilizer solution. AdultCotesia plutellae
and Hippodamia convergensthat foraged at the flowers of15N-marked plants
showed detectable quantities of the marker. Plant material enriched with15N was
mixed into the artificial diet of navel orangeworms (Amyelois transitella). Both
the orangeworms that fed on the artificial diet and wasps (Goniozus legneri) that
parasitized them contained detectable levels of15N in their systems (195).

The major drawback to marking insects with enriched15N is that the detection of
the marker requires mass spectrometry. Mass spectrometers are expensive to buy
and operate, require technical expertise to run, and the analyses of the samples are
costly, time-consuming, and tedious. Additionally, mass spectrometer analyses
require a relatively large amount of biomass. Small insects, such asG. legneri,
must be pooled, which precludes the analysis of individual insects.

RECENT DEVELOPMENTS IN INSECT MARKING

Protein Marking

Protein-based methods for marking insects have been developed recently that
overcome some of the drawbacks associated with conventional marking tech-
niques. Insects were marked with vertebrate-specific proteins and then examined
for the presence of the protein by sandwich enzyme-linked immunosorbent assay
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(ELISA), using vertebrate-specific antibodies (77, 78, 80, 83).L. hesperuswas the
first insect marked with a vertebrate protein, rabbit immunoglobulin G (IgG) (80).
This technique was developed as a spin-off of established predator gut content
ELISAs to distinguish released predators from native ones, while simultaneously
analyzing their gut contents by ELISA for the presence of prey remains by us-
ing pest-specific monoclonal antibodies (81). Combining predator gut content
ELISAs with protein-marking ELISAs proved useful for comparing the efficacy
of augmented predator populations and native populations and for examining the
dispersal of released biological control agents (84, 85).

Insects can be marked with protein in a variety of ways. For robust insects,
the lyophilized protein is simply dissolved in water and topically sprayed on the
insects with any common spraying device (77). A perfume atomizer was effective
for marking relatively large parasitoids, but was ineffective for marking extremely
small and delicate ones. We used a nebulizer to apply protein to the extremely small
and delicate parasitoids. A nebulizer is an inexpensive medical device that produces
a fine, evenly distributed mist that does not appear to harm or kill parasitoids (78).

The adult stage ofA. iole(83) andTrichogrammatoidea bactrae(78), as well as
the adult stage ofChelonus curvimaculatus, Encarsia formosa, andEretmocerus
emiratus(JR Hagler, unpublished observations), were marked with protein exter-
nally by contact exposure or topical mist and internally by feeding them a honey
solution containing rabbit IgG. Results showed that the rabbit protein was retained
throughout the entire adult life span in or on almost every species examined, re-
gardless of the application method. Parasitoids that were internally marked after
eating protein-rich honey appeared to slowly digest or excrete the protein, as the
ELISA reaction decreased over time. However, the ELISA procedure was able to
detect minute quantities of protein for over a week after the parasitoids fed on the
labeled diet (83).

Parasitoids were indirectly marked by applying protein to their host just before
their emergence from the host. Unfortunately, only 11.2% of theT. bactraeemerg-
ing from marked pink bollworm eggs and 50% of theE. emiratusemerging from
marked whitefly nymphs contained detectable traces of rabbit protein (JR Hag-
ler, unpublished observations). The emerging parasitoids did not ingest enough of
the marking protein, as they chewed out of their marked hosts, to be detected by
ELISA on a consistent basis. Further studies are needed to determine whether the
proportion of parasitoids emerging from the marked host can be increased if the
host is marked with a more concentrated protein solution.

Protein marking was effective for externally and internally marking several
small parasitoid species. This relatively new marking procedure gives researchers
another useful tool for MRR studies involving small parasitoids. Protein mark-
ing offers many advantages over the other methods used to mark small insects.
For instance, both the protein marker and the immunoreagents needed for the
ELISA are relatively inexpensive and readily available from immunoreagent dis-
tributors. Additionally, thousands of individuals can be marked for MRR studies
within minutes by using small amounts of protein. Field tests indicate that verte-
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brate proteins are persistent, photostable, heat-tolerant, and water-resistant (77).
Perhaps the greatest advantage of protein markers is that the ELISA analysis is
simple, rapid, sensitive, and safe. Moreover, the laboratory equipment needed to
conduct the analyses is relatively inexpensive and readily available.

Protein markers may be used to study trophic-level interactions. Certain preda-
tors that ateP. gossypiellaeggs andBemisia argentifoliiadults externally marked
with rabbit IgG tested positive by ELISA for the presence of the marker (82).
Results indicate that marking prey externally with protein could be useful for an-
alyzing the gut contents of predators with chewing mouth parts, but not for those
predators with piercing-sucking mouth parts. However, in a recent study, most of
theOrius tristicolor, a piercing-sucking predator that feeds on a single parasitoid,
Eretmocerus mundus, containing an internal-protein marker, yielded a positive
ELISA response for the protein marker (JR Hagler, unpublished observations).
Prey marking with proteins gives researchers another indirect method to examine
insect predation, and it circumvents some of the drawbacks associated with the
development of pest-specific immunoassays, electrophoretic assays, and assays
developed to detect radioactive isotopes on marked prey. Unfortunately, the prey
must be handled before predator evaluation, a drawback that is shared with the
other current prey-marking techniques (8, 139, 140).

Protein marking was used to investigate the flow of incoming nectar in
A. melliferacolonies by feeding a sucrose (nectar) solution labeled with rabbit
IgG to foraging honey bees (51). Worker bees, nurse bees, larvae, and their stored
food reserves were collected over time and assayed by ELISA. The protein was
an ideal marker for studying nectar flow in a hive because the protein readily
transferred via trophallaxis to nestmates. The technique is less costly, less time-
consuming, more sensitive, and safer than using radioactive isotopes, which had
been used in previous studies (155).

Protein-specific antibodies facilitate the marking of different cohorts of indi-
viduals by using different proteins. We determined that anti-rabbit IgG does not
react with chicken IgG and vice versa (77). This attribute makes it feasible to mark
different groups of individuals with different proteins. This multiple marking ap-
proach proved useful for measuring the intercrop movement ofH. convergens(85)
andE. emiratus(JR Hagler, unpublished observations).

Using proteins to mark insects is a relatively new procedure. As a consequence,
numerous studies still need to be conducted to establish the validity and limitations
of this technique. Further studies on the movement of protein labels through the
food web are needed. We demonstrated that a specific protein can be used to label
insect prey for predation studies (82). However, we did not investigate tritrophic
interactions using this technique. Additionally, it is unclear whether host plants
can be effectively marked with proteins. It is unlikely that vertebrate proteins will
be absorbed or that they will translocate in the plant’s tissue like many of the trace
elements do (20, 129, 200). However, herbivores (especially chewing herbivores)
that feed on plants topically marked with protein should pick up detectable traces
of the protein.
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The potentially sublethal effects of protein marking on insects have not yet been
examined. We note that protein markers do not appear to possess any adverse side-
effects on insects (77, 78); however, studies are under way to determine whether
they affect insect physiology and behavior.

Retention of protein markers on insects maturing from one life stage to another is
variable. Preliminary studies indicate that first-instar pink bollworms that fed on an
artificial diet containing rabbit IgG retained detectable traces of protein throughout
their larval and pupal stages. However, the protein mark was undetected in the
adult stage (JR Hagler, unpublished observations). Furthermore, first- or second-
instarL. hesperusthat fed on a protein-rich artificial diet were easily detected for
rabbit protein, but the protein was not consistently retained inL. hesperusafter
removal from the protein source and as they matured (CG Jackson, unpublished
observations).

Another area for future investigation is to identify less expensive proteins for
marking insects directly in the field for mark-capture studies. Previous inves-
tigators have marked insects in the field by spraying aqueous solutions of Rb
directly over plant foliage or by dusting plant foliage with Day-Glo dust (see
above). Although vertebrate proteins are ideal for marking large numbers of in-
sects in a confined space for MRR studies by incorporating protein in diet or topical
sprays in an enclosed area, the high cost for large quantities makes them imprac-
tical for large-field application for mark-capture studies. Perhaps an inexpensive
protein that has a marketed antibody can be substituted for the expensive IgG
proteins.

We previously showed that the sandwich ELISA format was superior to the
direct ELISA format for identifying protein on adultH. convergens(77). However,
a dot blot immunoassay, an indirect ELISA, or a Western blot assay might be a
useful immunoassay format under certain circumstances (73, 79).

Genetically Engineered Marking

Gene transfer systems that use transposable elements such asP, hobo, Hermes,
mariner, Minos, andpiggyBacwere successfully harnessed as gene vectors to
achieve genetic transformations in insects for a variety of reasons (e.g. lethal genes,
genetic sexing, genetic sterility, etc) (22, 37, 90, 116, 130, 135, 136, 156, 211).
Gene transfer using transposable elements may be used to permanently mark mass-
reared insects for SIR programs. For example, thepiggyBactransposable element
containing thewhite-eyedmutant gene of the Mediterranean fruit fly,C. capitata,
was used to transformC. capitataandD. melanogaster. The resulting transforma-
tions yielded a certain percentage of flies possessing highly visible “white eyes”
that remained stable for 15 generations (88, 89).

Effective gene transfer systems could facilitate the creation of insect strains with
visible external markers useful for SIR programs. However, there are many diffi-
culties to applying this technology for wide-scale use. First, transposable elements
have been applied successfully to only a narrow range of insects, including a few
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species of dipterans and lepidopterans (211). Second, germline transformations
relying on mutant markers are rare; therefore, mutant recipient strains and cloned
copies of the mutant gene are often unavailable (167). Third, ethical considera-
tions need to be thoroughly examined before developing and releasing genetically
altered insects into the environment. Fourth, the development of the methodology
for transforming insects using transposable elements requires an enormous amount
of preliminary research and technical expertise.

Transposable elements carrying green fluorescent protein (GFP) were recently
used as biological-marker genes in a wide variety of studies. GFP, a protein specific
to the jellyfish,Aequorea victoria, was identified over a half century ago, but it was
studied for years in virtual obscurity (49, 150, 188). An amazing characteristic of
GFP is that it fluoresces naturally under UV light. Recently, GFP was cloned (34)
and fused with animal and plant proteins and cells to create “glowing” animals
and plants. Over the past 5 years, thousands of biomedical researchers have used
GFP for in vivo labeling of prokaryotic and eukaryotic cells (33). The visible,
genetically engineered flurophore is an invaluable marker for gene expression and
protein-targeting studies in biomedical research. Human gene therapy and drug
screening are such uses (137, 213). Recently, insect molecular biologists have used
GFP to study a wide range of biological functions including sperm competition,
egg development, and neurobiology (99, 172, 223).

GFP has received an enormous amount of attention as a biological marker for
studying physiological processes in animals and plants (33). However, its phys-
ical properties also make it an ideal candidate for marking insects for ecological
studies. Recently, pink bollworm was transformed with thepiggyBactransposable
element carrying enhanced GFP (Figure 4). To date, the transformed pink boll-
worm strain has been shown to segregate in Mendelian ratios for 15 generations
under laboratory conditions (166, 167). Ultimately, researchers plan to introduce
this marker gene into the pink bollworm colony used for the SIR program in
California.

Currently, GFP is the most popular bioluminescent product on the market;
however, other natural or synthethic bioluminescent products might also be useful
for marking insects for ecological studies. For example, luciferase, the enzyme
responsible for giving fireflies their glow, has been cloned and expressed in other
organisms includingEscherichia coliand tobacco plants (39, 161). A red fluores-
cent protein, unique to the sea anemone relativeDiscosomasp., has been used in
multilabeling experiments with GFP (76, 138). Additionally, several GFP vari-
ants have been developed (e.g. red, blue, and yellow) that fluoresce at different
wavelengths for use when multiple colors or markers are needed.

Tagging insects with genetically engineered GFP offers several advantages over
conventional marking procedures. First, genetically modified organisms (GMOs)
containing GFP are permanently marked because the gene is integrated into the
insect’s genome. Second, depending on the gene, the genetic element that con-
trols expression of GFP can potentially be expressed during one or all life stages.
Third, GFP illuminates independently of cofactors or substrates; therefore, GFP
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can be expressed in most cases simply by exciting it with the appropriate wave-
length of light (99). Fourth, if GFP is introduced into an insect colony and bred to
homozygosity, all of the insects would have the desired mark (167). This could be
important for SIR programs that currently rely on dye and dust markers. Finally,
unlike genetic transformations that require a mutant marker, GFP transformations
can be applied to a wide variety of insects.

GFP can be detected in insects by a variety of techniques. In some cases, GFP
can be detected using a fluorescence microscope. However, a spectrofluorometer
could provide greater sensitivity or faster analyses if GFP is expressed at sufficient-
ly high levels. The detection of GFP in GFP-marked pink bollworm adults can
be difficult. Therefore an alternative approach for detecting GFP was developed
using polymerase chain reaction (PCR). Amplification of GFP DNA by PCR pro-
vides additional confirmation of the presence of GFP in the pink bollworms that
might not show GFP by fluorescence microscopy (166).

Marking insects with genetically engineered proteins has enormous potential
for future MRR studies. However, many drawbacks must be overcome before
they are readily accepted as useful markers. First, as mentioned above, ethical
considerations must be addressed before developing additional GMOs. As a con-
sequence, a major barrier to using GFP as a marker is getting regulatory approval
to develop GMOs and then getting further approval to release GMOs. Second, the
development of genetically marked insects requires preliminary research that is
both time-consuming and costly. Therefore, the greatest potential for using GMOs
is in large-scale SIR and area-wide pest management programs. Finally, the de-
tection of GFP and similar proteins by fluorescence microscopy is costly as is
the detection of GFP DNA by PCR, which is also tedious and time-consuming
(166).

CONCLUSIONS

Choosing the best technique for marking insects for recognition in the field is
essential to the success of many research projects. Unfortunately, there is no uni-
versal insect-marking technique for all insects. Researchers should first consider
using the simplest and most effective markers for their studies. Only when the
conventional marking techniques are no longer useful should the more difficult
techniques be considered. Perhaps the most important consideration when choos-
ing an insect-marking technique is the potential effect of the marker on the insect’s
biology and behavior. Deciding which marking technique is best may also include
a consideration of the size, life stage, and habitat of the marked insect. The poten-
tial toxicity of the marker to the insect, duration of the study, cost-effectiveness,
and environmental safety of the marker also must be factored into the decision.
Additionally, the utility of any given marking technique depends on whether the
experiment is an MRR or a mark-capture study. Careful testing of any chosen
marking technique on captive insects before field study is highly recommended.

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

532 HAGLER ¥ JACKSON

ACKNOWLEDGMENTS

We are grateful to Alan Bartlett, Kent Daane, Gloria DeGrandi-Hoffman, Hollis
Flint, Joel Funk, Debbie Hagler, Don McInnis, and Shawn Steffan for their helpful
comments on an earlier version of this manuscript. Finally, we extend our deepest
appreciation to Nicole Brooks, Kelsey Dobratz, Le Anne Elhoff, Ranjini Iyengar,
Dan Langhorst, and Scott Machtley for their tireless effort in retrieving reprints,
preparing the literature database, and cross-checking references.

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1. Akey DH. 1988. Use of strontium as a
marker for movement studies of the pink
bollworm.Proc. Beltwide Cotton Prod. Res.
Conf., New Orleans, LA,pp. 303–6. New
Orleans, LA: Natl. Cotton Counc. Am.

2. Akey DH, Burns DW. 1991. Analytical con-
sideration and methodologies for elemental
determinations in biological samples. See
Ref. 3, pp. 25–36

3. Akey DH, Hayes JL, Fleischer SJ, eds. 1991.
Use of elemental markers in the study of
arthropod movement and trophic interac-
tions.Southwest. Entomol.14(Suppl.):1–87

4. Alvarado J, Figueroa A, Delgado C, Sanchez
MT, Lopez E. 1993. Differential retention of
metal and plastic tags on the Black Sea turtle
(Chelonia agassizi). Herpetol. Rev.24:23–
24

5. Anderson RA, Edman JD, Scott TW.
1990. Rubidium and cesium as host blood-
markers to study multiple blood feeding by
mosquitoes (Diptera: Culicidae).J. Med.
Entomol.27:999–1001

6. Argauer RJ, Cantelo WW. 1972. Spec-
trofluorometric determination of fluorecein-
tagged tobacco hornworms.J. Econ. Ento-
mol.65:539–42

7. Armes NJ, King ABS, Carlaw PM, Gads-
den H. 1989. Evaluation of strontium as a
trace-element marker for dispersal studies
onHeliothis armigera. Entomol. Exp. Appl.
51:5–10

8. Baldwin WF, James HG, Welch HE. 1955.
A study of predators of mosquito larvae

and pupae with a radioactive tracer.Can.
Entomol.87:350–56

9. Bartlett AC. 1967. Genetic markers in the
boll weevil.J. Hered.58:159–63

10. Bartlett AC. 1981. Isozyme polymorphism
in populations of the pink bollworm.Ann.
Entomol. Soc. Am.74:9–13

11. Bartlett AC. 1982. Genetic markers: dis-
covery and use in insect population dy-
namic studies and control programs. In
Sterile Insect Technique and Radiation in
Insect Control, pp. 451–65. Vienna, Aus-
tria: Int. At. Energy Agency

12. Bartlett AC. 1988. Modern insect con-
trol: nuclear techniques and biotechnol-
ogy.Proc. Int. Symp. Mod. Insect Control:
Nucl. Tech. Biotechnol., pp. 85–96. Vienna,
Austria: Int. At. Energy Agency

13. Bartlett AC, Butler GD Jr. 1975. Genetic
control of the cabbage looper by a recessive
lethal mutation.J. Econ. Entomol.68:331–
35

14. Bartlett AC, Lingren PD. 1984. Monitor-
ing pink bollworm (Lepidoptera: Gelechi-
idae) populations, using the genetic marker
sooty. Environ. Entomol.13:543–50

15. Bartlett AC, Raulston JR. 1982. The iden-
tification and use of genetic markers for
population dynamics and control studies
in Heliothis. Proc. Int. Workshop Helio-
this Manage., pp. 75–85. Patancheru, In-
dia: Int. Crops Res. Inst. Semi-Arid Trop.

16. Bartlett AC, Wilson NM, Mattix EB. 1968.
The fate of genetic markers in populations

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

METHODS FOR MARKING INSECTS 533

of boll weevils.J. Econ. Entomol.61:808–
12

17. Basavaraju Y, Devi BSR, Mukthayakka G,
Reddy PL, Mair GC, et al. 1998. Evalua-
tion of marking and tagging methods for
genetic studies in carp.J. Biosci.23:585–
93

18. Beier JC, Berry WJ, Craig GB Jr. 1982.
Horizontal distribution of adultAedes
triseriatus (Diptera: Culicidae) in rela-
tion to habitat structure, oviposition, and
other mosquito species.J. Med. Entomol.
19:239–47

19. Benedict JH, Wolfenbarger DA, Bryant
VM Jr, George DM. 1991. Pollen ingested
by boll weevils (Coleoptera: Curculion-
idae) in southern Texas and northeastern
Mexico.J. Econ. Entomol.84:126–31

20. Berry WL, Stimmann MW, Wolf WW.
1972. Marking of native phytophagous in-
sects with rubidium: a proposed technique.
Ann. Entomol. Soc. Am.65:236–38

21. Best RL, Beegle JC, Owens JC, Oritz M.
1981. Population density, dispersion, and
dispersal estimates forScarites substriatus,
Pterostichus chalcites, andHarpalus penn-
sylvanicus(Carabidae) in an Iowa corn-
field. Environ. Entomol.10:847–56

22. Blackman RK, Macy M, Koehler D,
Grimaila R, Gelbart WM. 1989. Identifica-
tion of a fully-functionalhobotransposable
element and its use for germ-line transfor-
mation ofDrosophilia. EMBO J.8:211–17

23. Bloem KA, Bloem S, Chambers DL.
1994. Field assessment of quality: release-
recapture of mass-reared Mediterranean
fruit flies (Diptera: Tephritidae) of differ-
ent sizes.Environ. Entomol.23:629–33

24. Bond HA, Craig GB Jr, Fay RW. 1970.
Field mating and movement ofAedes ae-
gypti. Mosq. News30:394–402

25. Brenner RJ, Patterson RS. 1988. Effi-
ciency of a new trapping and marking
technique for peridomestic cockroaches
(Dictyoptera: Blattaria).J. Med. Entomol.
25:489–92

26. Bridges JR, Thoeny WT, Tiarks AE. 1989.

Technique for studying bark beetle dis-
persal.Proc. Int. Congr. Entomol., 18th,
pp. 307–19. Blacksburg, VA: Va. Polytech.
Inst. State Univ. Press

27. Brust RA. 1980. Dispersal behavior of
adult Aedes sticticusand Aedes vexans
(Diptera: Culicidae) in Manitoba.Can.
Entomol.112:31–42

28. Bryant VN, Pendleton M, Murry RE, Lin-
gren PD, Raulston JR. 1991. Techniques
for studying pollen adhering to nectar-
feeding corn earworm (Lepidoptera: Noc-
tuidae) moths using scanning electron mi-
croscopy.J. Econ. Entomol.84:237–40

29. Burg JG. 1994. MarkingDermacentor
variabilis (Acari: Ixodidae) with rubid-
ium. J. Med. Entomol.31:658–62

30. Byrne DN, Rathman RJ, Orum TV,
Palumbo JC. 1996. Localized migration
and dispersal byBemisia tabaci. Oecolo-
gia 105:320–28

31. Caprio MA, Miller D, Grafius E. 1990.
Marking adult Colorado potato beetles,
Leptinotarsa decemlineata(Coleoptera:
Chrysomelidae), using paper labels.Gt.
Lakes Entomol.23:13–18

32. Cate JR, Skinner JL. 1978. The fate and
identification of pollen in the alimentary
canal of the boll weevil.Southwest. Ento-
mol.3:263–65

33. Chalfie M, Kain S. 1998.Green Fluores-
cent Protein Properties, Applications, and
Protocols. New York: Wiley-Liss. 385 pp.

34. Chalfie M, Tu Y, Euskirchen G, Ward
WW, Prasher DC. 1994. Green fluorescent
protein as a marker for gene expression.
Science263:802–5

35. Chang HT. 1946. Studies on the use of
fluorescent dyes for markingAnopheles
quadrimaculatus. Mosq. News6:122–25

36. Cheshire JM Jr, Keaster AJ, Ward RH,
Koirtyohann SR. 1987. Seed treatment
with rubidium for monitoring wireworm
(Coleoptera: Elateridae) feeding on corn.
Environ. Entomol.16:475–80

37. Coates CJ, Jasinskiene N, Miyashiro L,
James AA. 1998.Mariner transposition

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

534 HAGLER ¥ JACKSON

and transformation of the yellow fever
mosquito,Aedes aegypti. Proc. Natl. Acad.
Sci. USA95:3748–51

38. Cohen AC, Jackson CG. 1989. Using ru-
bidium to mark a predator,Geocoris punc-
tipes(Hemiptera: Lygaeidae).J. Entomol.
Sci.24:57–61

39. Conti E, Franks NT, Brick P. 1996. Crystal
structure of firefly luciferase throws light
on a superfamily of adenylate-forming
enzymes.Structure4:287–98

40. Cook SP, Hain FP. 1992. The influence
of self-marking with fluorescent powders
on adult bark beetles (Coleoptera: Scolyti-
dae).J. Entomol. Sci.27:269–79

41. Coppedge JR, Spencer JP, Brown HE,
Whitten CJ, Snow JW, et al. 1979. A new
dye marking technique for the screwworm.
J. Econ. Entomol.72:40–42

42. Corbett A, Murphy BC, Rosenheim JA,
Bruins P. 1996. Labeling an egg parasitoid,
Anagrus epos(Hymenoptera: Mymaridae),
with rubidium within an overwintering
refuge.Environ. Entomol.25:29–38

43. Costa HS, Brown JK. 1991. Variation in
biological characteristics and esterase pat-
terns among populations ofBemisia tabaci,
and the association of one population with
silverleaf symptom induction.Entomol.
Exp. Appl.61:211–19

44. Costa HS, Byrne DN. 1988. Neutron acti-
vation of a rare element to mark the sweet-
potato whitefly,Bemisia tabaci. Ecol. En-
tomol.13:465–67

45. Courtney SP, Hill CJ, Westerman A. 1982.
Pollen carried for long periods by butter-
flies.Oikos38:260–63

46. Culin JD, Alverson DR. 1986. A technique
to mark adultHeliothis zeausing rubidium
chloride-spiked artificial nectar sources.J.
Agric. Entomol.3:56–60

47. Curtis CF, Curtis J, Hamann HJ. 1973. Ex-
periments on radio-activation labelling of
the tsetse fly,Glossina morsitans. Int. J.
Appl. Radiat. Isot.24:535–43

48. Darling ST. 1925. Entomological research
in malaria.South. Med. J.18:446–49

49. Davenport D, Nicol JAC. 1955. Lumi-
nescence of hydromedusae.Proc. R. Soc.
London Ser. B144:399–411

50. Davey JT. 1956. A method of marking iso-
lated adult locusts in large numbers as an
aid to the study of their seasonal migra-
tions.Bull. Entomol. Res.46:797–802

51. DeGrandi-Hoffman G, Hagler JR. 2000.
The flow of incoming nectar through a
honey bee (Apis melliferaL.) colony as re-
vealed by a protein marker.Insectes Soc.
47:1–5

52. DeGrandi-Hoffman G, Martin JH. 1995.
Does a honey bee (Apis mellifera) colony’s
foraging population on male fertile sun-
flowers (Helianthus annus) affect the
amount of pollen on nestmates foraging on
male steriles?J. Apic. Res.34:109–14

53. DeGrandi-Hoffman G, Thorp R, Loper G,
Eisikowitch D. 1992. Identification and
distribution of cross-pollinating honey-
bees on almonds.J. Appl. Ecol.29:238–46

54. Dudley JE, Searles EM. 1923. Color mark-
ing of the striped cucumber beetle (Dia-
brotica vittata Fab.) and preliminary ex-
periments to determine its flight.J. Econ.
Entomol.16:363–68

55. Dunn PH, Mechalas BJ. 1963. An easily
constructed vacuum duster.J. Econ. Ento-
mol.56:899

56. Enkerlin W, Lopez L, Celedonio H. 1996.
Increased accuracy in discrimination be-
tween captured wild unmarked and re-
leased dye-marked adults in fruit fly
(Diptera: Tephritidae) sterile released pro-
grams.J. Econ. Entomol.89:946–49

57. Fay RW, Craig GB. 1969. Genetically
markedAedes aegyptiin studies of field
populations.Mosq. News29:121–27

58. Fernandes OA, Wright RJ, Baumgarten
KH, Mayo ZB. 1997. Use of rubid-
ium to labelLysiphlebus testaceipes(Hy-
menoptera: Braconidae), a parasitoid of
greenbugs (Homoptera: Aphididae), for
dispersal studies.Environ. Entomol.26:
1167–72

59. Fisher J, Peterson RT. 1964.The World of

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

METHODS FOR MARKING INSECTS 535

Birds. Garden City, NY: Doubleday. 288
pp.

60. Fisher M, Muth A. 1989. A technique
for permanently marking lizards.Herpetol.
Rev.20:45–46

61. Fleischer SJ, Bridges JR, Ravlin FW,
Thoeny WT. 1991. Elemental marking in
deciduous and coniferous tree system. See
Ref. 3, pp. 49–56

62. Fleischer SJ, Gaylor MJ, Hue NV, Graham
LC. 1986. Uptake and elimination of rubid-
ium, a physiological marker, in adultLy-
gus lineolaris(Hemiptera: Miridae).Ann.
Entomol. Soc. Am.79:19–25

63. Frazer BD, Raworth DA. 1974. Mark-
ing aphids with rubidium.Can. J. Zool.
52:1135–36

64. Gangwere SK, Chavin W, Evans FC. 1964.
Methods of marking insects, with especial
reference to Orthoptera (Sens. Lat.).Ann.
Entomol. Soc. Am.57:662–69

65. Gary NE. 1971. Magnetic retrieval of fer-
rous labels in a capture-recapture system
for honey bees and other insects.J. Econ.
Entomol.64:961–65

66. Gast RT, Landin M. 1966. Adult boll wee-
vils and eggs marked with dye fed in larval
diets.J. Econ. Entomol.59:474–75

67. Geiger JC, Purdy WC, Tarbett RE. 1919.
Effective malarial control in a rice field
district with observations on experimen-
tal mosquito flights.J. Am. Med. Assoc.
72:844–47

68. Gentry CR, Blythe JL. 1978. Lesser
peachtree borers and peachtree borers: a
device for trapping, collecting, and mark-
ing native moths.Environ. Entomol.7:783–
84

69. Grace JK, Abdallay A. 1989. Evaluation of
the dye marker Sudan red 7B withReticu-
latermes flavipes(Isoptera: Rhinotermiti-
dae).Sociobiology15:71–77

70. Graham HM, Mangum GL. 1971. Larval
diets containing dyes for tagging pink boll-
worm moths internally.J. Econ. Entomol.
64:377–79

71. Graham HM, Wolfenbarger DA. 1977. To-

bacco budworm: labeling with rubidium in
the laboratory.J. Econ. Entomol.70:800–2

72. Graham HM, Wolfenbarger DA, Nosky JB.
1978. Labeling plants and their insect fauna
with rubidium. Environ. Entomol.7:379–
83

73. Greenstone MH. 1996. Serological analy-
sis of arthropod predation: past, present
and future. InThe Ecology of Agricultural
Pests, ed. WOC Symondson, JE Liddell,
pp. 265–300. London: Chapman & Hall.
517 pp.

74. Guillebeau LP, All JN, Nutter FW, Kuhn
C. 1993. Comparison of foliar and soil-
drench applications of aqueous rubidium
chloride solution to plants for marking
feeding aphids (Homoptera: Aphidae).J.
Entomol. Sci.28:370–75

75. Haagsma KA, Rust MK. 1993. Two
marking dyes useful for monitoring field
populations of Reticulitermes hesperus
(Isoptera: Rhinotermitidae).Sociobiology
23:155–64

76. Haas J, Park E-C, Seed B. 1996. Codon us-
age limitation in the expression of HIV-1
el glycoprotein.Curr. Biol. 6:315–24

77. Hagler JR. 1997. Field retention of a novel
mark-release-recapture method.Environ.
Entomol.26:1079–86

78. Hagler JR. 1997. Protein marking insects
for mark-release-recapture studies.Trends
Entomol.1:105–15

79. Hagler JR. 1998. Variation in the efficacy
of several predator gut content immunoas-
says.Biol. Control12:25–32

80. Hagler JR, Cohen AC, Bradley-Dunlop D,
Enriquez FJ. 1992. New approach to mark
insects for feeding and dispersal studies.
Environ. Entomol.21:20–25

81. Hagler JR, Cohen AC, Enriquez FJ,
Bradley-Dunlop D. 1991. An egg-specific
monoclonal antibody toLygus hesperus.
Biol. Control1:75–80

82. Hagler JR, Durand CM. 1994. A new
method for immunologically marking prey
and its use in predation studies.Ento-
mophaga39:257–65

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

536 HAGLER ¥ JACKSON

83. Hagler JR, Jackson CG. 1998. An immuno-
marking technique for labeling minute par-
asitoids.Environ. Entomol.27:1010–16

84. Hagler JR, Naranjo SE. 1996. Using gut
content immunoassays to evaluate preda-
ceous biological control agents: a case
study. InThe Ecology of Agricultural Pests,
ed. WOC Symondson, JE Liddell, pp. 383–
99. London: Chapman & Hall. 517 pp.

85. Hagler JR, Naranjo SE. 1997. A new ap-
proach to evaluate augmentative biolog-
ical control agents.Proc. Beltwide Cot-
ton Prod. Res. Conf., New Orleans, LA,
p. 1320. New Orleans, LA: Natl. Cotton
Counc. Am.

86. Haisch A, St¨ark H, Forster S. 1975.
Markierung von Fruchtfliegen und ihre
Erkennung durch Indikatoraktivierung.
Entomol. Exp. Appl.18:31–43

87. Hamann HJ, Iwannek KH. 1979. Labelling
of the tsetse flyGlossina palpalis palpalis
by activable elements.Entomol. Exp. Appl.
25:98–106

88. Handler AM, Harrell RA II. 1999.
Germline transformation ofDrosophila
melanogasterwith the piggyBactranspo-
son vector.Insect Mol. Biol.8:449–57

89. Handler AM, McCombs SD, Fraser MJ,
Saul SH. 1998. The Lepidopteran transpo-
son vector,piggyBac, mediates germ-line
transformation in the Mediterranean fruit
fly. Proc. Natl. Acad. Sci. USA95:7520–
25

90. Handler AM, O’Brochta DA. 1991. Pros-
pects for gene transformation in insects.
Annu. Rev. Entomol.36:159–83

91. Hare JD. 1983. Seasonal variation in plant-
insect associations: utilization ofSolanum
dulcamaraby Leptinotarsa decemlineata.
Ecology64:345–61

92. Harlan DP, Roberts RH. 1976. Tabanidae:
use of a self-marking device to determine
populations in the Mississippi-Yazoo river
delta.Environ. Entomol.5:210–12

93. Harman DM. 1975. Movement of individ-
ually marked white pine weevils,Pissodes
strobi. Environ. Entomol.4:120–24

94. Hartstack AW, Lopez JD, Muller RA,
Sterling WL, King EG, et al. 1982.
Evidence of long range migration of
Heliothis zea(Boddie) into Texas and
Arkansas.Southwest. Entomol.7:188–
201

95. Hausermann W, Fay RW, Hacker CS.
1971. Dispersal of genetically marked fe-
maleAedes aegyptiin Mississippi.Mosq.
News31:37–51

96. Hayes JL. 1989. Detection of single and
multiple trace element labels in individ-
ual eggs of diet-rearedHeliothis virescens
(Lepidoptera: Noctuidae).Ann. Entomol.
Soc. Am.82:340–45

97. Hayes JL, Hopper KR. 1986. Trace ele-
ment labeling ofHeliothis spp: labeling
of individual eggs from moths reared on
treated host plants.Proc. Beltwide Cot-
ton Prod. Res. Conf., Las Vegas, NV, pp.
311–15. Natl. Cotton Counc. Am. Mem-
phis, TN

98. Hayes JL, Reed KG. 1989. Using rub-
idium-treated artificial nectar to label
adults and eggs ofHeliothis virescens
(Lepidoptera: Noctuidae).Environ. Ento-
mol.18:807–10

99. Hazelrigg T. 1998. The uses of green
fluorescent protein inDrosophila. See
Ref. 33, pp. 169–90

100. Hendricks DE. 1971. Oil-soluble blue dye
in larval diet marks adults, eggs, and first-
stage F1 larvae of the pink bollworm.J.
Econ. Entomol.64:1404–6

101. Hendricks DE, Graham HM. 1970. Oil-
soluble dye in larval diet for tagging
moths, eggs, and spermatophores of
tobacco budworms.J. Econ. Entomol.
63:1019–20

102. Hendricks DE, Leal MP, Robinson S, Her-
nandez NS. 1971. Oil soluble black dye
in larval diet marks adults and eggs of
tobacco budworm and pink bollworm.J.
Econ. Entomol.64:1399–401

103. Hendrix WH III, Mueller TF, Phillips JR,
Davis OK. 1987. Pollen as an indicator of
long-distance movement ofHeliothis zea

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

METHODS FOR MARKING INSECTS 537

(Lepidoptera: Noctuidae).Environ. Ento-
mol.16:1148–51

104. Hendrix WH III, Showers WB. 1992.
Tracing black cutworm and army-
worm (Lepidoptera: Noctuidae) north-
ward migration usingPithecellobiumand
Calliandra pollen. Environ. Entomol.
21:1092–96

105. Hershey AE, Pastor J, Peterson BJ, Kling
GW. 1993. Stable isotopes resolve the
drift paradox for Baetis mayflies in an arc-
tic river. Ecology74:2315–25

106. Hogsette JA. 1983. An attractant self-
marking device for marking field popula-
tions of stable flies with fluorescent dusts.
J. Econ. Entomol.76:510–14

107. Holbrook FR. 1995. Rubidium in fe-
male Culicoides variipennis sonorensis
(Diptera: Ceratopogonidae) after engor-
gement on a rubidium-treated host.J.
Med. Entomol.32:387–89

108. Holbrook FR, Belden RP, Bobian RJ.
1991. Rubidium for marking adults of
Culicoides variipennis(Diptera: Cerato-
pogonidae).J. Med. Entomol.28:246–49

109. Hopper KR, Woolson EA. 1991. Label-
ing a parasitic wasp,Microplitis croceipes
(Hymenoptera: Braconidae), with trace
elements for mark-recapture studies.Ann.
Entomol. Soc. Am.84:255–62

110. Howard RW, Jones SC, Mauldin JK,
Beal RH. 1982. Abundance, distribution,
and colony size estimates forReticulater-
messpp. (Isoptera: Rhinotermitidae) in
southern Mississippi.Environ. Entomol.
11:1290–93

111. Huettel MD. 1976. Monitoring the quality
of laboratory-reared insects: a biological
and behavioral perspective.Environ. En-
tomol.5:807–14

112. Huettel MD. 1979. Genetic approaches
to basic problems in insect behavior and
ecology. InGenetics in Relation to In-
sect Management, ed. MA Hoy, JJ Mc-
Kelvey Jr, pp. 161–69. New York: Rock-
efeller Found. 179 pp.

113. Humphry SJ, Linit MJ. 1989. Teth-

ered flight ofMonochamus carolinensis
(Coleoptera: Cerambycidae) with respect
to beetle age and sex.Environ. Entomol.
18:124–26

114. Jackson GC, Cohen AC, Verdugo CL.
1988. Labeling Anaphes ovijentatus
(Hymenoptera: Mymaridae), an egg par-
asite ofLygusspp. (Hemiptera: Miridae),
with rubidium. Ann. Entomol. Soc. Am.
81:919–22

115. Jackson GC, Debolt JW. 1990. Label-
ing of Leiophron uniformis, a parasitoid
of Lygusspp., with rubidium.Southwest.
Entomol.15:239–43

116. Jasinskiene N, Coates CJ, Benedict MQ,
Cornel AJ, Salazar-Rafferty C, et al. 1998.
Stable transformation of the yellow fever
mosquito,Aedes aegypti, with theHermes
element from the housefly.Proc. Natl.
Acad. Sci. USA.95:3743–47

117. Johnson PC, Reeves MR. 1995. Incor-
poration of the biological marker rubid-
ium in gypsy moth (Lepidoptera: Ly-
mantriidae) and its transfer to the preda-
torCarabus nemoralis(Coleoptera: Cara-
bidae).Environ. Entomol.24:46–51

118. Jones GD, Bryant VM Jr, Lieux MH,
Jones SD, Lingren PD. 1995.Pollen of
the Southeastern United States: With Em-
phasis on Melissopalynology and Ento-
mopalynology. Houston, TX: Am. Assoc.
Stratigr. Palynolog. Found. 184 pp.

119. Jones SC. 1990. Delineation ofHeteroter-
mes aureus(Isoptera: Rhinotermitidae)
foraging territories in a Sonoran desert
grassland.Environ. Entomol.19:1047–
54

120. Kapp RO. 1969.How to Know Pollen and
Spores. Dubuque, IA: WC Brown. 249 pp.

121. Kim SS, Seawright JA, Kaiser PE. 1987.
A genetic sexing strain ofAnopheles
quadrimaculatusspecies A.J. Am. Mosq.
Control Assoc.3:50–53

122. Kimsey RB, Kimsey PB. 1984. Identifi-
cation of arthropod blood meals using ru-
bidium as a marker: a preliminary study.
J. Med. Entomol.21:714–19

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

538 HAGLER ¥ JACKSON

123. King RC. 1975.Handbook of Genetics.
New York: Plenum. 874 pp.

124. Kipp L, Lonergan GC. 1992. Compari-
son of topically applied rubidium chlo-
ride and fluorescent dye markers on sur-
vival and recovery of field-released male
spruce budworm moths.Can. Entomol.
124:325–33

125. Kislev ME, Kravis Z, Lorch J. 1972. A
study of hawkmoth pollination by a pa-
lynological analysis of proboscis.Isr. J.
Bot.21:57–75

126. Knight AL, Hull LA, Rajotte EG, Fleis-
cher SJ. 1989. Labeling tufted ap-
ple bud moth (Lepidoptera: Tortricidae)
with rubidium: effect on development,
longevity, and fecundity.Ann. Entomol.
Soc. Am.82:481–85

127. Lai P-Y. 1977.Biology and ecology
of the Formosan subterranean termite,
Coptotermes formosanus,and its suscep-
tibility to the entomogenous fungi, Beau-
veria bassianaand Metarrhizium aniso-
pliae. PhD thesis. Univ. Hawaii, Hon-
olulu. 140 pp.

128. Legg DE, Chiang HC. 1984. Rubidium
marking technique for the European corn
borer (Lepidoptera: Pyralidae) in corn.
Environ. Entomol.13:579–83

129. Levi E. 1970. Penetration, retention and
transport of foliar applied single salts of
Na, K, Rb and Cs.Physiol. Plant.23:811–
19

130. Lidholm DA, Lohe AR, Hartl DL.
1993. The transposable elementmariner
mediates germline transformation in
Drosophila melanogaster. Genetics134:
859–68

131. Lindig OH, Wiygul G, Wright JE, Daw-
son JR, Roberson J. 1980. Rapid method
for mass-marking boll weevils.J. Econ.
Entomol.73:385–86

132. Lingren PD, Bryant VM Jr, Raulston
JR, Pendelton M, Westbrook J, et al.
1993. Adult feeding host range and mi-
gratory activities of corn earworm, cab-
bage looper, and celery looper (Lepi-

doptera: Noctuidae) moths as evidenced
by attached pollen.J. Econ. Entomol.
86:1429–39

133. Lingren PD, Westbrook JK, Bryant VM
Jr, Raulston JR, Esquivel JF, et al. 1994.
Origin of corn earworm (Lepidoptera:
Noctuidae) migrants as determined by cit-
rus pollen markers and synoptic weather
systems.Environ. Entomol.23:562–70

134. Lloyd EP, Daum RJ, McLaughlin RE,
Tingle FC, McKibben GH, et al. 1968.
A red dye to evaluate bait formulations
and to mass mark field populations of boll
weevils.J. Econ. Entomol.61:1440–44

135. Loukeris TG, Livadaras I, Arc`a B,
Zabalou S, Savakis C. 1995. Gene transfer
into the medfly,Ceratitis capitata, with
aDrosophila hydeitransposable element.
Science270:2002–5

136. Lozovskaya ER, Nurminsky DI, Hartl
DL, Sullivan DT. 1996. Germline trans-
formation ofDrosophila virilis mediated
by the transposable elementhobo. Genet-
ics142:173–77

137. Marshall J, Molloy R, Moss GWJ, Howe
JR, Hughes TE. 1995. The jellyfish green
fluorescent protein: a new tool for study-
ing ion channel expression and function.
Neuron14:211–15

138. Matz MV, Fradkov AF, Labas YA, Savit-
sky AP, Zaraisky AG, et al. 1999. Flu-
orescent proteins from nonbiolumines-
cent Anthozoaspecies.Nat. Biotechnol.
17:969–73

139. McCarty MT, Shepard M, Turnipseed SG.
1980. Identification of predaceous arthro-
pods in soybeans by using autoradiogra-
phy.Environ. Entomol.9:199–203

140. McDaniel SG, Keeley LL, Sterling WL.
1978. RadiolabelingHeliothis virescens
eggs by32P injection of adult females.
Ann. Entomol. Soc. Am.71:432–34

141. McDonald IC. 1976. Ecological genetics
and the sampling of insect populations
for laboratory colonization.Environ. En-
tomol.5:815–20

142. McInnis DO, Tam SYT, Grace CR. 1988.

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

METHODS FOR MARKING INSECTS 539

The Mediterranean fruit fly: progress in
developing a genetic sexing strain using
genetic engineering methodology.Proc.
Int. Symp. Mod. Insect Control: Nucl.
Tech. Biotechnol., p. 251. Vienna, Aus-
tria: Int. At. Energy Agency

143. McIntosh R, McLean J, Alfaro R, Kiss G.
1996. Dispersal ofPissodes strobiin pu-
tatively resistant white spruce in Vernon
B. C. For. Chron.72:381–87

144. McIntosh RL. 1999. Technique for label-
ing individualPissodes strobi(Coleptera:
Curculonidae) for mark-recapture stud-
ies.Can. Entomol.131:131–36

145. McLean JA, Tuytel J. 1988. Marking for-
est insects: evaluation of two systems for
the systemic introduction of rubidium into
Douglas-fir trees.Can. J. For. Res.18:19–
23

146. Messing RH, Klungness LM, Purcell M,
Wong TTY. 1993. Quality control para-
meters of mass-reared opiine parasitoids
used in augmentative biological control of
tephritid fruit flies in Hawaii.Biol. Con-
trol. 3:140–47

147. Meyerdirk DE, Hart WG, Burnside J.
1979. Marking and dispersal study of
adults of the citrus blackfly,Aleuro-
canthus woglumi. Southwest. Entomol.
4:325–29

148. Mikkola K. 1971. Pollen analysis as a
means of studying the migrations of Lep-
idoptera.Ann. Entomol. Fenn.37:136–
39

149. Miller LR. 1993. Fluorescent dyes as
markers in studies of foraging biology of
termite colonies (Isoptera).Sociobiology
23:127–34

150. Morin JG, Hastings JW. 1971. Biochem-
istry of the bioluminescence of colonial
hydroids and other coelenterates.J. Cell.
Physiol.77:305–11

151. Musgrave AJ. 1950. A note on the dusting
of crops with flurorescein to mark visiting
bees.Can. Entomol.82:195–96

152. Naranjo SE. 1990. Influence of two
mass-marking techniques on survival and

flight behavior of Diabrotica virgifera
(Coleptera: Chrysomelidae).J. Econ. En-
tomol.83:1360–64

153. Narisu, Lockwood JA, Schell SP. 1999.
A novel mark-recapture technique and its
application to monitoring the direction
and distance of local movements of range-
land grasshoppers (Orthoptera: Acridi-
dae) in the context of pest management.
J. Appl. Ecol.36:1–15

154. Nielsen ET, Nielsen AT. 1953. Field ob-
servations on the habits ofAedes tae-
niorhynchus. Ecology34:141–56

155. Nixon HL, Ribbands CR. 1952. Food
transmission within the honey bee com-
munity.Proc. R. Soc. Br.140:43–50

156. O’Brochta DA, Warren WD, Saville KJ,
Atkinson PW. 1996.Hermes, a functional
non-drosophilid insect gene vector from
Musca domestica. Genetics 142:907–
14

157. Oi FM. 2000. Purple dye-marker forReti-
culitermesspp. (Isoptera: Rhinotermiti-
dae).Fla. Entomol.83:112–13

158. Opp SB, Prokopy RJ. 1987. Seasonal
changes in resightings of marked, wild
Rhagoletis pomonella(Diptera: Tephriti-
dae) flies in nature.Fla. Entomol.70:449–
56

159. Ostlie KR, Hein GL, Higley LG, Kaster
LV, Showers WB. 1984. European corn
borer (Lepidoptera: Pyralidae) develop-
ment, larval survival, and adult vigor on
meridic diets containing marker dyes.J.
Econ. Entomol.77:118–20

160. Ostrom PH, Colunga-Garcia M, Gage SH.
1997. Establishing pathways of energy
flow for insect predators using stable iso-
tope ratios: field and laboratory evidence.
Oecologia109:108–13

161. Ow DW, Wood KV, DeLuca M, de Wet
JR, Helinski DR, et al. 1986. Tran-
sient and stable expression of the firefly
luciferase gene in plant cells and trans-
genic plants.Science234:856–59

162. Padgham DE, Cook AG. 1984. Rubid-
ium marking of the rice pestsNilaparvata

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

00
1.

46
:5

11
-5

43
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

.S
. D

ep
ar

tm
en

t o
f 

A
gr

ic
ul

tu
re

 o
n 

09
/3

0/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FXZ

October 25, 2000 11:32 Annual Reviews AR119-17

540 HAGLER ¥ JACKSON

lugens(Stal) andSogatella furcifera(Hor-
vath) (Hemiptera: Delphacidae) for field
dispersal studies.Bull. Entomol. Res.
74:379–85

163. Pashley DP, Bush GL. 1979. The use
of allozymes in studying insect move-
ment with special reference to the
codling moth, Laspeyresia pomonella
(L.) (Olethreutidae). InMovement of
Highly Mobile Insects: Concepts and
Methodology in Research, ed. RL Rabb,
GG Kennedy, pp. 333–41. Raleigh, NC:
NC State Univ. 456 pp.

164. Payne JA, Wood BW. 1984. Rubidium as
a marking agent for the hickory shuck-
worm,Cydia caryana(Lepidoptera: Tor-
tricidae).Environ. Entomol.13:1519–21

165. Pearson AC, Ballmer GR, Sevacherian V,
Vail PV. 1989. Interpretation of rubidium
marking levels in beet armyworm eggs
(Lepidoptera: Noctuidae).Environ. En-
tomol.18:844–48

166. Peloquin JJ, Miller TA. 2000. Detection of
enhanced green fluorescent protein DNA
in pink bollworm through polymerase
chain reaction.J. Cotton Sci.4:28–33

167. Peloquin JJ, Thibault ST, Staten R, Miller
TA. 2000. Germ-line transformation of
pink bollworm (Lepidoptera: Gelechi-
idae) mediated by thepiggyBactranspos-
able element.Insect Mol. Biol.9:323–33

168. Polavarapu S, Lonergan GC, Seabrook
WD. 1992. Labelling the blueberry
leaftier, Croesia curvalana, with foliar
sprays of rubidium chloride.Entomol.
Exp. Appl.63:143–53

169. Polivka JB. 1949. The use of fluores-
cent pigments in a study of the flight of
the Japanese beetle.J. Econ. Entomol.
42:818–21

170. Porter SD, Jorgensen CD. 1980. Recap-
ture studies of the harvester ant,Pogon-
omyrmex owyheeiCole, using a fluores-
cent marking technique.Ecol. Entomol.
5:263–69

171. Prasifka JR, Krauter PC, Heinz KM, San-
sone CG, Minzenmayer RR. 1999. Preda-

tor conservation in cotton: using grain
sorghum as a source for insect predators.
Biol. Control16:223–29

172. Price CSC, Dyer KA, Coyne JA. 1999.
Sperm competition betweenDrosophila
males involves both displacement and in-
capacitation.Nature400:449–52

173. Price RJ, Slosser JE. 1983.A mark-
release trap for boll weevils (Coleoptera:
Curculionidae). Tex. Agric. Exp. Stn. Rep.
4135,Vernon, TX. 5 pp.

174. Provost E. 1983. Une nouvelle m´ethodé
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